For diesel emission control technologies, reduction efficiencies of Particulate Matter (PM) control systems have been traditionally reported based on mass-based criteria. However, particle number-based criteria are now receiving increased attention. In this paper, results of real-time particle size distribution and number based evaluation of the effectiveness of multiple PM control technologies are reported on an HDD engine. An Engine Exhaust Particle Sizer (EEPS) was used for comparative analysis.
INTRODUCTION
There have been strong global efforts to reduce emissions of Particulate Matter (PM) from diesel engines, as they are known to be associated with both environmental damage as well as chronic and acute health effects.
Of specific concern are diesel nanoparticles (particles less than 50 nm in diameter), which can become entrained in the alveolar regions of the lung, where they may become difficult to remove and can enter the bloodstream [1] . In the United States, emissions regulations are solely based on mass measurements of PM, and not on particle number. While nanoparticles are a major part of the PM emissions based on particle number, they do not significantly contribute to the PM mass. Hence there is increased attention on expanding the scope of regulations to include particle number emissions as well. Upcoming Euro VI regulations for heavy duty diesel engines to be introduced in 2013/2014 will include a particle number limit in addition to a mass limit.
Diesel particles can be characterized as nuclei-mode particles, typically with diameters from 3 to 30 nm, accumulation mode particles, with diameters between 30 to 500 nm and coarse mode particles with diameters greater than 500 nm. On a mass basis, most of the particles present in diesel exhaust are in the accumulation mode, which are formed during the combustion process in the engine. As exhaust gases exit the tailpipe and contact ambient air, sulfuric acid and hydrocarbons become supersaturated and convert from gas to particle to form potentially harmful nuclei-mode nanoparticles.
Emission controls devices range in their effectiveness to control PM emissions from diesel engines. The California Air Resources Board (CARB) verifies retrofit technologies under three distinct classifications based on their ability to control PM emissions. Level I devices which include Diesel Oxidation Catalysts (DOCs) are defined as those that reduce PM by greater than 25%. Level II devices which include partial filters (PFs) reduce PM by greater than 50%. Level III devices include Diesel Particulate Filters (DPFs) which reduce PM by greater than 85% [2] . It should be noted that these regulatory classifications are based only on PM mass based measurement techniques, pointing to the need to characterize the impact of these devices on particle number and size distributions.
Several commonly used emission control technologies are evaluated in this paper. Diesel Oxidation Catalysts (DOC) primarily reduces PM mass by oxidizing soluble hydrocarbons in PM. Diesel Particulate Filters (DPF) reduces both soluble hydrocarbons and soot components of PM. The Partial Filters which employ a DOC upstream of a flow through metallic substrate reduce soluble hydrocarbons and a portion of the soot.
The primary objective of this study was to evaluate the effectiveness of various Level I, Level II, and Level III devices based on their ability to control PM nanoparticles, using similar test methods that were used to verify their performance based on PM mass. As these devices were verified for use used for both low sulfur diesel and ultra-low sulfur diesel fuel, the testing included both fuels. The reductions with number-based methods were compared with those using mass-based methods, and particle size characterization studies were used to explain any differences.
A secondary objective of this paper is to determine the impact of system subcomponents, including a bare DPF, a catalyzed DPF and a partial filter. Test Samples -The test samples included two diesel oxidation catalysts (DOCs), a DOC with an uncatalyzed wall-flow filter as a continuously regenerating diesel particulate filter (CR-DPF) system, a DOC with a catalytically coated wall-flow filter as a catalyzed CR-DPF (CCR-DPF), and a DOC with a partial filter as a continuously regenerating partial filter (CR-PF). These samples are described in Table 3 . Two versions of DOC were tested, designated as DOC-LSD and DOC-ULSD, designed for LSD fuel and ULSD fuel respectively. The DOC-LSD employed a catalyst formulation that was more sulfur-tolerant than DOC-ULSD, but could be used with ULSD as well. These two DOCs were tested upstream of a common partial filter, resulting in two versions of CR-PF, one with the DOC-LSD and the other with DOC-ULSD to be used with LSD and ULSD fuels respectively. The same DOC-ULSD was also used in with CR-DPF and two CCR-DPF configurations. The two CCR-DPF configurations differed in the choice of catalyst coating on the filter. Table 3 also shows relative PGM loadings for the catalysts used in this study, with DOC and Filter loadings normalized separately. All parts were degreened for 4 hours at 500°C prior to test, except CSF2 which was field aged with over 32,000 miles accrued while operating on a school bus application. Equipment and Instruments -A schematic of the test setup is shown in Figure 1 . Emissions measurements were made using full flow dilution techniques using a constant volume sampling (CVS) dilution tunnel. Emissions of total hydrocarbons (HC), carbon monoxide (CO), oxides of nitrogen (NO x ), and Particulate Matter (PM) were measured for each test. NO x was measured using a chemiluminescent analyzer and total hydrocarbons were measured using continuous sampling with a heated flame ionization detector. Carbon monoxide and carbon dioxide were measured from CVS sample bags using NDIR analyzers. PM measurements were made by using a dilute sampling system that used T60A20 Pallflex™ filter media of 90 mm diameter. The filters were weighed before and after each sampling to determine the mass accumulated for each given emissions test. The soluble organic fraction (SOF) of the total PM for engine baseline tests was measured using a chemical extraction and filter weight loss technique.
METHODS

Various
An Engine Exhaust Particle Sizer (EEPS) by TSI [3] was used to characterize number-weighted size distribution of particles on a second-by-second basis during the test. The EEPS sizes particles in the 5.6 to 560 nm range and has a one second response time. It was coupled to the full flow CVS tunnel via a mini-dilution tunnel that maintained a constant dilution ratio of about 8. The characterization was performed for total particle count, and included both the solid and volatile portions of the PM. The first cycle was used as a warm-up for each system, and only results from the last three cycles were used to determine emissions. For each configuration, the reported emissions of HC, CO, NO x and PM were the averages from the three hot cycles.
Engine baseline testing was performed in the stock configuration without any emission control device installed. Next, each of the seven configurations described in Table 3 was installed and tested. Testing with ULSD fuel was performed prior to LSD testing. Gaseous and mass-based particulate matter emissions expressed in brake-specific emissions levels was reported along with particle size and particle number data.
Results and Discussion
Engine Out Discussion - Figures 2 and 3 describe the impact of fuel type on the particle size distributions of engine-out emissions fuel. The increase in nuclei mode particles accompanying an increase in fuel sulfur level from ULSD to LSD fuel has been well documented in the literature [4] . These particles are thought to be predominantly sulfuric acid droplets formed in the presence of organic hydrocarbons. Further, Figure 3 shows that while the total PM mass emissions are similar with both fuels, the SOF content of the PM is significantly higher with LSD fuel. The increased levels of fuel sulfur and soluble organics content lead to a greater number of nuclei mode particles with the LSD fuel. These differences in engine out emission characteristics influence the performance of the emission control devices as described later in this paper. Table 4 . The column labeled PM(m) denotes the reductions based on particle mass. The levels of CO, HC and PM (m) reductions are well within the expected ranges for these devices, as documented in previous literature [5, 6, 7, 8] . The DOC shows greater than 25% PM reduction for ULSD fuel, the CR-PF shows greater than 50% PM reduction, and the CR-DPF and CCR-DPFs show greater than 90% PM reduction. HC and CO reductions are greater than 60% for all devices. The impact on NOx emissions is negligible. NO 2 emissions, while not presented in this paper, are known to be affected in varying degrees depending on engine out emissions, temperature profile, substrate geometries, and catalyst formulations employed [9] .
Table 4. Summary of Emission Reductions
The right-most column in Table 4 shows reductions based on particle number measurements. A comparison with mass-based reductions leads to some interesting observations:
1.
Number based PM reductions are higher than mass-based PM reductions for the devices tested with LSD fuel, but the reverse is true for devices tested with ULSD fuel.
2.
The wall-flow filter based technologies, which include the CR-DPF, CCR-DPF1 and CCR-DPF2, all show high levels of PM reduction using both number and mass based methods.
3.
When considering the catalyzed filter based technologies, the CCR-DPF2 shows a significantly higher number based reduction compared to CCR-DPF1.
The particle size characterization study described in the following sections of this paper was used to explain these observations. ULSD Testing -As noted previously, DOC-LSD employed a catalyst formulation that was more tolerant to sulfur compared to DOC-ULSD, which was optimized for ULSD fuel. This difference did not contribute significantly to the particle size distributions, as shown in Figure 4 . DOCs reduce nuclei-mode particles, primarily by removal of hydrocarbons which reduces the amount of material available for condensation on soot particles [10] . Interestingly, CR-PF-ULSD, which adds a partial filter downstream of the DOC-ULSD, did not demonstrate a significant advantage over DOC-ULSD alone when particle number reductions are considered, contributing to only a 3% increase in reductions. However, the partial filter element was highly effective at reducing PM on a mass basis, by adding 29% reduction over the 32% provided by DOC-ULSD alone. It may be inferred that the partial filter element is effectively reducing heavier coarse mode particles that are outside of the size range being measured.
The reduction in filtration efficiency due to stored particle blow-off from partial filters, while not observed in this study, has been documented in the literature as being impacted by test sequence, device history, and exhaust gas temperature [11] . The CR-DPF showed a very significant impact on reducing accumulation mode particles as well as nucleimode particles as shown in Figure 5 , which compares size characterization for DOC-ULSD and CR-DPF both with ULSD fuel. Note that the only difference in these two configurations is the additional uncatalyzed wall-flow filter in the CR-DPF, which is known to be highly effective at capturing accumulation and nuclei mode particles [12, 13, 14] . The CCR-DPF2 further improves the particle size reduction compared to the CR-DPF, as shown in Figure  6 . It has been previously discussed in the literature that a catalyzed wall-flow filter is more prone to making small nuclei mode sulfate particles [13] , which results in an increase in nuclei mode particles. The particle sizing results from CCR-DPF1 are consistent with this finding, contributing to a relatively lower particle number based reduction efficiency (79%) compared to mass-based efficiency (94%). On the other hand, the CCR-DPF2, which employs a different catalyst coating, diminishes the concentrations of both nuclei as well as accumulation mode particles, resulting in a net reduction of 99% of PM particles and 98% of PM mass. As noted in Table 4 , the catalyst formulation employed with CCR-DPF2 has four times the PGM content as with CCR-DPF1, highlighting the importance of catalyst design, and not simply PGM content alone, as a key lever in particle number reduction. It should also be noted that the filter was tested after 32,000 miles of field aging, which would be sufficient to fill any storage sites on the catalyzed DPF, a concern that was raised in previous literature [13] . Indeed, the nucleation mode is affected by the catalyst formulations on the DOC and DPF in their ability to facilitate hydrocarbon removal, sulfur storage and sulfate make. Figure 7 . The DOC-LSD and CR-PF-LSD reduce 36% and 53% of particles in the size range considered. Table 4 shows that the DOC-LSD provides a lower particle mass-based reduction when tested with LSD fuel (22%) versus ULSD fuel (31%), but a higher particle number reduction with LSD fuel (36%) versus ULSD fuel (9%). Figure 3 shows that the SOF portion of the engine-out PM is higher with LSD fuel. The enhanced effectiveness of DOC-LSD in oxidizing organic particles, which are precursors to the formation of nuclei mode particles, is the likely explanation for this. The effect of the partial filter on particle number emissions, calculated by subtracting the efficiency of the DOC alone from the CR-PF, is significantly greater when tested under LSD fuel (17%) compared to ULSD fuel (3%). Figure 7 shows that the addition of the partial filter element reduces the number of accumulation mode particles, an effect that was not observed with ULSD fuel (Figure 4 ). It is hypothesized that the higher concentrations of sulfate particles in the exhaust with LSD fuel allow for improved trapping efficiency of the partial filter under these test conditions. Thus the partial filter element can trap and remove more of the accumulation mode particles with LSD fuel. This enhanced effectiveness results in approximately 50% PM reduction with the partial filter using both mass based and number based reductions with LSD fuel. 
SUMMARY AND CONCLUSION
This paper describes the results of testing seven emission control devices using both ULSD and LSD fuel types. The objective of this evaluation was to compare emission reduction performance of these devices using particle mass and particle number based evaluation methods. Testing was performed on a MY2000 Cummins ISM 350 ESP engine using transient FTP cycles. An EEPS was used to characterize particle size distributions in the 5.6 nm to 560 nm range. All devices studied demonstrated high levels of reduction of regulated emissions using both LSD and ULSD fuel.
The key findings may be summarized as follows:
1.
The greater sulfur content and higher SOF fraction present in the PM emissions from LSD fuel creates a significantly higher number of nuclei mode particles in the engine out emissions.
2.
The DOC-LSD and the DOC-ULSD, tested with different fuels, show PM mass reductions ranging from 22% to 32%. The DOC-LSD, when tested with LSD fuel, shows a comparatively lower reduction level due to increased sulfate make compared to that with ULSD fuel.
3.
The DOC-LSD shows greater effectiveness with particle reduction with LSD fuel primarily due to the high number of engine-out nucleation mode particles. The DOC-LSD is effective at reducing the organic portion which is responsible for the nucleation mode peak.
4.
The CR-PF-ULSD and CR-PF-LSD reduce particle mass by 50% to 60% with LSD and ULSD fuels. Sulfate make over the DOC may reduce PM reduction with LSD fuel.
5.
The CR-PF-LSD is more effective for particle reduction with LSD fuel due to ability of the DOC-LSD to reduce the SOF portion of the PM, thereby reducing nucleation mode particles, and the effectiveness of the partial filter in reducing some accumulation mode particles. This may be enhanced due to increased number of sulfate particles with LSD fuel.
6.
The wall-flow DPF-based technologies, either with bare and catalyzed filters provide over 90% reduction in PM mass and 80% in PM number when tested with ULSD fuel. The CR-DPF, which adds an uncatalyzed DPF downstream of the DOC, demonstrates an advantage over DOC alone by reducing accumulation mode particles to near zero levels. The net result is a reduction of over 90% in both mass and number.
7.
The catalyst coatings on the DOC and DPF can influence particle size reduction. The catalyst coating on the DPF can increase sulfate make to increase the number of nucleation mode particles. Catalyst designs should be optimized to minimize this effect. A near 100% reduction in PM mass and number has been demonstrated with one such design.
